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Interfacial magnetism of fcc Fe and the effect of the oscillatory interlayer coupling
on the Ni magnetic properties in NiÕFeÕCoÕCu„100…
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Ni/Fe/Co/Cu~100! system was studied using photoemission electron microscope. By analyzing element
specific domain images, we found that there exists oscillatory interlayer coupling between the Co and Ni layers
across the fcc Fe layer. With the thickness and temperature dependent studies, we found strong evidence that
the Fe layers at both the Fe/Co and Fe/Ni interfaces are ferromagnetically ordered in the 4–12 ML thickness
range, and that the ferromagnetically ordered layer at the Fe/Ni interface disappears as the temperature exceeds
the Curie temperature of the Ni layer. Moreover, the oscillatory interlayer coupling between the Co and Ni
layers results in an oscillation of the Ni layer Curie temperature.
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I. INTRODUCTION

Metastable phase of face-centered-cubic~fcc! Fe has at-
tracted a great interest in magnetism research, especiall
ter the realization of fcc Fe thin films on Cu~100!
substrate.1,2 The room-temperature grown fcc Fe film is fe
romagnetic below 4 ML, but changes into antiferromagne
plus a ferromagnetically ordered layer between 5 and
ML.3,4 These rich magnetic phases indicate that the fcc
film on Cu~100! may just be at a magnetic instability poin
Band-structure calculation shows5 that fcc Fe has two energ
minima in the range of 2.3–2.8 a.u. Wigner-Seitz rad
(r WS). The instability point between these two phases occ
at a r WS of 2.66 a.u. Noting that the Wigner-Seitz radius
2.652 a.u. for bulk fcc Fe and 2.667 a.u. for Cu, it w
speculated that the observed rich magnetic phases in fcc
Cu~100! must be associated with the structural changes
the fcc Fe film. Indeed, structural analysis using low-ene
electron diffraction~LEED! and scanning tunneling micros
copy shows characteristic surface reconstruction, interla
spacing, and local atomic distortion in different magne
phases.6,7 In particular, the ferromagnetic phase below 4 M
and the ferromagnetic surface ferromagnetically orde
layer in the 5–11 ML range were identified to have a grea
interlayer spacing than the antiferromagnetic phase6 where a
spin density wave may have been developed.8 Theoretical
calculations, allowing structural relaxations, were also dev
oped accordingly to explain the observed magnetic phase
the fcc Fe films.9,10

To further clarify the structural and magnetic correlatio
experimental efforts have been made to grow Fe film
Cu~100! with different method,11 on substrates with differen
lattice constants,12,13 and on ferromagnetic fcc Co~100! or
Ni~100! that were epitaxially grown on Cu~100!.14 In the
latter case, the fcc Fe should have similar structural pro
ties as on Cu~100! but different electronic interfacial proper
ties. It was found that the Fe/Co~100! system exhibits a mag
0163-1829/2002/65~21!/214417~7!/$20.00 65 2144
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netic behavior similar to the Fe/Cu~100! system despite a
higher magnetic Curie temperature (TC).15 This result shows
that the primary determining factor for the magnetic phase
fcc Fe film is its lattice structure rather than its interfac
electronic property. There is, however, a major differen
between the Fe/Cu~100! and Fe/Co~100! systems at the loca
tion of the ferromagnetically ordered layer in the 5–12 M
thickness range. Oxygen absorption experiments14,15 suggest
that the ferromagnetically ordered layer of the Fe film
located at the Fe/Co interface, owning to the spin polari
tion or alloying of the Fe film with the ferromagnetic Co.16

On the other hand, photoemission dichroism experim
shows that the ferromagnetically ordered layer is at the s
face of the Fe film with nonferromagnetic laye
underneath.17 This contradiction promoted a number of stu
ies recently on the ferromagnetically ordered layer in
Fe/Co/Cu~100! and Fe/Ni/Cu~100! systems. By measuring
the magnetic remanence and its temperature dependen
Fe/Ni/Cu~100! using magneto-optic Kerr effect~MOKE!,
Schirmer and Wuttig suggest that the fcc/Fe film is ferrom
netically ordered both at the surface and at the Fe/Ni in
face in the 5–11 ML thickness range.18 With magnetic di-
chroism measurement, Dallmeyeret al. observed an
oscillatory behavior of the Fe magnetic signal in Fe/C
Cu~100! and Co/Fe/Co/Cu~100! systems, suggesting a com
plicated antiferromagnetic structure of the fcc/Fe in the 5–
ML thickness range.19 A more detailed study on Fe/Ni bilay
ers on Cu~100! using MOKE provides further evidence at th
interfacial ferromagnetically ordered layer of the fcc F
film.20

In most of the previous studies, information on the ferr
magnetically ordered layer was obtained indirectly by a
lyzing the macroscopic magnetic remanence. There is a
of direct information on the Fe interfacial magnetism in co
parison with the ferromagnetic Co or Ni layers at the int
face. In this paper, we report results of a study of the Ni/
Co/Cu~100! system using photoemission electro
microscope~PEEM!. With element specific domain imaging
we show strong evidence that the Fe layers at both the Fe
and Fe/Ni interfaces are ferromagnetically ordered in 4–
©2002 The American Physical Society17-1
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ML thickness range due to the direct spin polarization of
Co and Ni layers. The magnetic order of the ferromagn
cally ordered layer at the Fe/Ni interface disappears once
temperature exceeds the Curie temperature of the Ni la
Moreover, the oscillatory interlayer coupling between C
and Ni results in an oscillation of the Ni layer Curie tempe
ture.

II. EXPERIMENT

A ;2 mm thick Cu~100! single crystal disk of 10 mm
diameter was mechanically polished using 0.25mm diamond
paste and finished with electropolishing. After ultrason
cleaning in acetone, the Cu crystal was introduced into
ultrahigh vacuum~UHV! system of a base pressure of;3
310210 Torr. The Cu crystal was further cleaned in th
UHV chamber by cycles of Ar-ion sputtering at 2–5 keV a
annealing at;600 °C. LEED, reflection high-energy electro
diffraction ~RHEED!, and Auger electron spectroscopy we
applied to characterize the substrate. Co, Fe, and Ni w
evaporated from alumna crucibles heated with tungsten w
onto the Cu~100! held at room temperature. The growth ra
~;1 ML/min! was measured with a quartz oscillator that w
calibrated by RHEED oscillations. A 10 ML fcc Co film wa
first grown on the Cu~100!, followed by the Fe and Ni layers
The Fe and Ni films were grown into crossed wedges so
their thicknesses can be varied independently. The pres
during the film growth remained below 8310210 Torr. De-
tails on the sample preparation using this UHV system w
reported in an earlier paper.15 After the Ni/Fe/Co/Cu~100!
sample growth, another 11 ML Cu was grown on top of t
Ni to protect the sample from contamination.

The sample was then brought to the Advanced Li
Source~ALS! at the Lawrence Berkeley National Labor
tory, and was transferred into the PEEM chamber at be
line 7.3.1. A spherical grating monochromator deferrom
netically ordered monochromatic radiation in the ene
range of 170–1500 eV, which covers the 2p levels of most
of the transition metals. The sample is placed in the mo
chromatic focal plane of the incident x-ray. A mask upstre
from the monochromator is used to select above plane~left
circularly polarized! radiation. The 1.2 m long elliptical re
focusing mirror reduces the horizontal source size of 300mm
~full width at half maximum FWHM! to an image size of
;30 mm ~FWHM!, while accepting 2.0 mrad from th
source in the horizontal direction. The photon flux is;3
31012 photons in a 30mm spot when the storage ring
operated at 1.9 GeV with a ring current of 400 mA. T
resolving power of the beamline isE/DE51800. The x-ray
incident beam makes an angle of 60° from the sample
face normal direction. The starting positions of the Fe and
wedges were determined using the respective 2p core levels,
and magnetic domain images were constructed by taking
ratio of images acquired at theL3 andL2 edges utilizing the
effect of x-ray magnetic circular dichroism~XMCD!. All do-
main images in this paper have the size of 35335mm. De-
tails on the principle and operation of this PEEM can
found in an earlier paper.21
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III. RESULTS AND DISCUSSION

1. Cu(11 ML)ÕFeÕCo(10 ML)ÕCu(100)

We first studied the magnetic domains as a function of
Fe film thickness (dFe) without the top Ni layer. The mea
surements were taken at the room temperature. Figur
shows the magnetic domains of Co and Fe film with differe
Fe thickness. Throughout the thickness range studied,
observed magnetic domains in both Co and Fe films,
also found that the domain patterns of the Fe films are id
tical to that of Co. The magnetization of Fe/Co/Cu~001!
should be in plane as measured bySMOKE.15 The result
shows that magnetic ordering temperature of the Fe films
Co is higher than room temperature, in agreement with
earlier results.14,15 In particular, the appearance of the F
magnetic domains in the 4–12 ML region proves the ex
tence of the ferromagnetically ordered layer at room te
perature.

Figure 2 shows the asymmetry of the x-ray magnetic c
cular dichroism signal versus the Fe film thickness. T
XMCD asymmetry was calculated using intensities from t
white and dark areas of the magnetic domains.

I A5
I white2I dark

I white1I dark
. ~1!

The XMCD asymmetries of both theL3 andL2 edges were
calculated and were added together as the final asymm
The background signals, determined from the intensities
15 eV below theL3 edge and 15 eV above theL2 edge, were
subtracted from theL3 andL2 intensities. As a comparison
the I A value from the 10 ML Co is also shown in Fig. 2. Th
constantI A value of Co shows that the Fe thickness variati
has no effect on the Co magnetic dichroism signal. For
Fe signal, the value ofI A is higher below 4 ML of Fe due to
the ferromagnetic phase in this thickness regime. Betwee
and 12 ML, the value ofI A is significantly lower due to the
formation of the antiferromagnetic phase, and this redu

FIG. 1. Co and Fe magnetic domains of Cu~11 ML!/Fe/Co~10
ML !/Cu~100!. The rows represent~1! Co and~2! Fe domains, and
the columns are for~a! dFe52.5 ML and~b! dFe55.9 ML.
7-2
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INTERFACIAL MAGNETISM OF fcc Fe AND THE . . . PHYSICAL REVIEW B 65 214417
signal is from the ferromagnetically ordered layer in th
thickness range.14,15 Moreover, the Fe asymmetry deca
with the Fe film thickness in the 4–12 ML regime. To u
derstand this thickness dependent behavior, we need a q
titative understanding of the magnetic dichroism signal.

To do the analysis, it is important to note that PEE
measures the intensity of secondary electrons that ha
finite attenuation distance. Figure 3 shows the averagedL3
edge intensities of the Co and Fe as a function of the Fe
thickness~a background signal has been subtracted!. With an
exponential dependence of the secondary electron emis
intensity, it is easy to show that theL3 edge intensities of the
Co(I Co) and Fe(I Fe) should depend on the Fe film thickne
dFe as

I Co5I Co
0 exp~2dFe/lCo!,

~2!
I Fe5I Fe

` @12exp~2dFe/lFe!#.

Here I Co
0 is the Co signal without Fe layer, andI Fe

` is the Fe
signal when the Fe thickness is infinite.l is a phenomeno-
logical parameter that results from the secondary elec
escape depthle and the x-ray penetration depthlx . When
considering the x-ray saturation effect, it was shown thal
should be a combination ofle and lx in a way of 1/l

FIG. 2. XMCD asymmetry of the Co and Fe films in Cu~11
ML !/Fe/Co~10 ML!/Cu~100! as a function of the Fe film thickness
The dashed line is the guide to eyes. The inset is the zoom in o
Fe data in the 4–12 ML thickness range. The dotted and das
lines in the inset are the fitting results with the ferromagnetica
ordered layer located at the Fe/Cu and Fe/Co interfaces, res
tively ~see text!. The better fit of the dashed line suggests that
ferromagnetically ordered layer is at the Fe/Co interface.

FIG. 3. TheL3 edge intensities of~a! Co and~b! Fe versus the
Fe film thickness. The solid lines are the fitting results of Eq.~2!.
21441
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51/le11/lx cosu, where u is the x-ray incident angle.22

Away from the resonance,lx@le so thatl'le . ThuslCo

in Eq. ~2! should depict the electron escape depth beca
x-ray absorption by the Fe layer is negligible at the Co re
nance peak. However,lFe in Eq. ~2! should be a combination
of electron escape depth and the x-ray penetration de
Using Eq.~2!, we fitted the Co and Fe intensities~solid lines
in Fig. 3! and deduced the values oflCo56.760.3 ML and
lFe57.060.4 ML. The close value oflCo andlFe indicates
that the x-ray saturation effect is insignificant in the thic
ness range studied. Nevertheless, we will only treatl as a
phenomenological parameter in later discussions.

The asymmetry of the 10 ML Co is not influenced by th
depth attenuation because the whole Co layer is ferrom
netic so that bothI white and I dark decay in the same way. Fo
the ferromagnetically ordered layer of the Fe film, howev
the attenuation will have a significant effect on the asymm
try because only theferromagneticpart of the Fe film con-
tributes toI white2I dark while the both theferromagneticand
the nonferromagneticparts contribute toI white1I dark. Let
I A0 , dFM , andzFM denote the asymmetry, the thickness, a
the position of the ferromagnetically ordered layer~e.g.,
zFM50 or dFe corresponds to the ferromagnetically order
layer at the Fe/Cu or Fe/Co interface, respectively!. Then the
asymmetry of the Fe in the ferromagnetically ordered la
regime should be

I A5I A0

*
FM

exp~2z/l!dz

*
Whole

exp~2z/l!dz
5I A0

dFM exp~2zFM /l!

l@12exp~2dFe/l!#
.

~3!

Here we have assumeddFM!l. Equation~3! shows that
the thickness dependence of the Fe asymmetry depend
the location of the ferromagnetically ordered layer. The s
tistics of our experimental data is not good enough to de
mine the value ofzFM precisely, but it is good enough t
distinguish between the Fe/Cu interfacial ferromagnetica
ordered layer case (zFM50) and the Fe/Co interfacial ferro
magnetically ordered layer case (zFM5dFe). The dashed and
dotted lines in the inset of Fig. 2 are the fitting results us
Eq. ~3! with zFM50 andzFM5dFe, respectively. Obviously,
the zFM5dFe fits the experimental data better. Therefore t
case of a ferromagnetically ordered layer at the Fe/Co in
face agrees better with the experiment data than the case
ferromagnetically ordered layer at the Fe/Cu interface.
believe that the ferromagnetically ordered layer is a resul
the direct spin polarization from the ferromagnetic Co. Fro
the fitting, we can also deduce the value ofI A0dFM . We
found that theI A0dFM equals roughly the value of one mono
layer asymmetry in the ferromagnetic phase (dFe ,4 ML).
In other words, if the magnetic moment of the ferromagne
cally ordered layer has the same magnitude as that in
ferromagnetic phase (dFe,4 ML), the ferromagnetically or-
dered layer consists only one atomic layerdFM'1 ML.
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2. Cu(11 ML)ÕNi(4.7 ML)ÕFeÕCo(10 ML)ÕCu(100)

With the Ni layer on top of the Fe, we acquired doma
images of the Ni, Fe, and Co as a function of the Fe fi
thickness~Fig. 4!. The Ni magnetization is in the plane of th
film below 8 ML because the Fe/Ni interfacial magnetic a
isotropy favors in-plane magnetization.20 Below 4 ML of Fe,
the domain patterns of the Ni, Fe, and Co films are identi
which is not surprising because the Fe film is ferromagn
so that all these three layers should be coupled ferromag
cally. Between 4 and 12 ML of the Fe, the Ni and Co dom
patterns have the same shape but their corresponding c
~white or dark! alternate with the Fe film thickness. For e
ample, the Ni and Co domains have the opposite color
dFe54.8 ML but the same color atdFe58.1 ML, indicating
the antiparallel and the parallel alignment of the Ni and
magnetizations, respectively. This result clearly reveals
oscillatory magnetic interlayer coupling between the Ni a
Co films across the Fe layer. The separation between the
antiferromagnetic coupling peaks is;6 ML of Fe, which is
very close to the value of the long-periodicity observed
other transition-metal spacer layers.23 The transition between
the ferromagnetic coupling~FC! and the antiferromagneti
coupling~AFC! is very sharp as shown in Fig. 4~3d!. More-
over, the magnitude of the Co and Ni asymmetry rema
unchanged, showing that the Co and Ni magnetization di
tions do not rotate within the film plane~except within the
domain boundary! as the Fe film thickness increases. The
fore, the Co and Ni magnetizations should have a collin
alignment.

We now turn our attention to the Fe magnetic doma
~Fig. 4!. Similar to the domain images of the Cu/Fe/C
Cu~100!, the Fe domain contrast is much greater below 4 M
due to the ferromagnetic phase. Between 4–12 ML the
domain color and contrast exhibit very interesting behav
as a function of the interlayer coupling. For FC where the
and Co domains have the same color, the Fe domain foll
their color. For AFC where the Ni and Co have oppos
colors, the Fe domain follows the color of Ni as opposed
the color of Co and also exhibits weaker contrast than the
case. This new behavior, as compared with that in the Fe

FIG. 4. Co, Ni, and Fe magnetic domains from Cu~11 ML!/
Ni~4.7 ML!/Fe/Co~10 ML!/Cu~100!. The rows represent~1! Co, ~2!
Fe, and~3! Ni, and the columns are for~a! dFe52.2 ML, ~b! dFe

54.8 ML, ~c! dFe58.1 ML, ~d! dFe59.9 ML, ~e! dFe511.4 ML,
and ~f! dFe514.0 ML.
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Cu~100!, is obviously caused by the Ni layer on top of the F
film. Since the Fe at the Fe/Co interface is ferromagnetica
ordered due to the polarization of the Co and its magnet
tion is parallel to that of Co, the opposite colors of the Fe a
Co domains in the AFC region suggest that the Ni top la
induces additional Fe magnetic moment with its directi
parallel to that of Ni~antiparallel to that of Co!. In the FC
region, the Fe domain contrast is greater than that of
Fe/Co/Cu~100!, also suggesting that the Ni top layer induc
additional Fe magnetic moment in the same direction as
of the Ni magnetization. Therefore, we conclude that in a
dition to the Fe/Co interfacial ferromagnetically order
layer, the Ni top layer also induces Fe magnetic momen
the direction of the Ni magnetization in the 4–12 ML F
thickness range. We believe that this additional momen
located at the Fe/Ni interface due to the Ni spin polarizati
the same as the ferromagnetically ordered layer at the Fe
interface. Then it is easy to understand qualitatively the c
trast change of the Fe domains as a function of the interla
coupling: the two interfacial ferromagnetically ordered la
ers at the Fe/Ni and Fe/Co interfaces add or subtract for
FC or AFC case resulting in the stronger and weaker m
netic contrasts of the Fe domains. Then the interesting q
tion is why the Fe domain contrast does not vanish in
AFC region, but instead follows the color of the Ni domain
The residual Fe signal in the AFC region could be due t
greater Fe moment at the Fe/Ni interface than at the Fe
interface, but we think this is unlikely because Co has
greater magnetic moment and a higherTC than Ni. An alter-
native explanation is that the Fe magnetic moments at
Fe/Ni and Fe/Co interfaces have the same magnitude
contribute differently to the domain contrast due to the fin
attenuation distance of the secondary electrons. To perfor
quantitative analysis, we analyzed the Fe XMCD asymme
as a function of the Fe film thickness~Fig. 5! with the sign
defined by the Co signal, i.e., the positive and negative v
ues in Fig. 5 represent the same and opposite colors of th
and Co domains in the FC and AFC regions, respectively
we assume that the Fe film at both Fe/Ni and Fe/Co in
faces have 1 ML ferromagnetically ordered layer, we c

FIG. 5. Magnetic asymmetry of the films in Cu~11 ML!/Ni~4.7
ML !/Fe/Co~10 ML!/Cu~100! as a function of the Fe film thickness
Negative sign means an opposite domain color of the Fe film w
respect to the Co film. The dashed and dotted lines are the fit
results~see text!.
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INTERFACIAL MAGNETISM OF fcc Fe AND THE . . . PHYSICAL REVIEW B 65 214417
calculate the total Fe asymmetry by applying Eq.~3! at both
Fe/Ni and Fe/Co interfaces,

I A5I Fe/Co1I Fe/Ni

5
dFM@ I 0

Fe/Coexp~2dFe/l!1I 0
Fe/Ni#

l@12exp~2dFe/l!#
for FC, ~4!

I A5I Fe/Co2I Fe/Ni

5
dFM@ I 0

Fe/Coexp~2dFe/l!2I 0
Fe/Ni#

l@12exp~2dFe/l!#
for AFC. ~5!

The values ofI 0
Fe/Co and I 0

Fe/Ni were assumed to be differen
to take into account the possible different Fe magnetic m
ments at these two interfaces. From Fig. 2,I 0

Fe/Co was deter-
mined to be the same as 1 ML ferromagnetic Fe signal, t
the total Fe asymmetry for the FC and the AFC can be fit
using Eqs.~4! and ~5! with I 0

Fe/Ni as a fitting parameter. Th
fitting result ~Fig. 5! agrees reasonably well to the expe
mental data. The value ofI 0

Fe/Ni was found to be;81% of
I 0

Fe/Co. The lower value ofI 0
Fe/Ni could be due to a weaker F

magnetic moment at the Fe/Ni interface, or due to the Cu
temperature effect~see following section!.

3. Magnetic order of the Fe layer at the FeÕNi interface

To further confirm the Fe interfacial ferromagnetically o
dered layer, we studied the magnetic domains with differ
Ni magnetic states. If the Fe ferromagnetically ordered la
is due to the direct spin polarization of the ferromagne
layer, the loss of the Ni ferromagnetic order will trigger th
loss of the magnetic order of the Fe layer at the Fe/Ni in
face, leaving only the ferromagnetically ordered layer at
Fe/Co interface. From the preceding section, we know
when the Ni and Co layers are antiferromagnetica
coupled, the magnetizations of the Fe layers at the Fe/Ni
Fe/Co interfaces are aligned antiparallel and the net colo
the Fe domains follows that of Ni due to the effect of t
electron escape depth. If the magnetic order of the Fe lay
the Fe/Ni interface disappears together with the magn
order of Ni layer, the Fe domains will only come from th
layer at the Fe/Co interface so that the Fe domains sh
switch its color from the color of Ni to the color of Co
Therefore, a study of the Fe domain color below and ab
the Curie temperature (TC) of the Ni layer should further
identify the interfacial nature of the ferromagnetically o
dered layer. There are two ways to destroy the ferromagn
order of the Ni layer: reducing the Ni thickness or increas
the sample temperature. We performed both experiment

We first discuss the results obtained by varying the
thickness at room temperature. Figure 6 shows the Co,
and Fe magnetic domains at different Ni thickness. The
film thickness (dFe55.0 ML) was chosen to produce AFC
between the Ni and the Co layers. For thicker Ni, magne
order exists in the Ni layer as evidenced by the Ni magn
domains@Fig. 6~3a!#. The Fe magnetic domains@Fig. 6~2a!#
in this situation follow the color of Ni~opposite to the color
of Co!. For thinner Ni, the magnetic domains of the Ni lay
vanish@Fig. 6~3c!#, showing that the Ni layer loses its mag
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netic order, i.e., theTC of the Ni layer at this thickness is
below the room temperature. The Fe film in this situati
changes its domain color to follow the color of the Co fil
@Fig. 6~2c!#, confirming our speculation that the Fe signal
this situation should come from the Fe layer at Fe/Co int
face. In addition, the greater contrast in Fig. 6~2c! than in
Fig. 6~2a! also supports the assumption of the magnetica
ordered interfacial layer, because the signal in Fig. 6~2c!
comes from the Fe/Co interface only, while the signal in F
6~2a! comes from Fe/Ni and Fe/Co interfaces whose mag
tizations are antiparallely aligned. Before the Ni layer los
its magnetic order with decreasing its film thickness, t
weakened Ni magnetic moment also decreases the Fe
magnetization at the Fe/Ni interface. Then at a critical
thickness, the Fe XMCD signal from the Fe/Ni interfa
should just balance out the Fe XMCD signal from the Fe/
interface to result in a zero contrast of the Fe domains. T
phenomenon was indeed observed in the experiment w
we observed both Co and Ni domains@Figs. 6~1b! and 6~3b!#
but not the Fe domains@Fig. 6~2b!#.

We also did the experiment on the same location of
sample~dNi53.1 ML anddFe54.9 ML! by varying the tem-
perature of the film. Again the Fe film thickness was chos
to produce the AFC between the Ni and Co layers. At ro
temperature, both Ni and Co magnetic domains exist w
opposite colors@Figs. 7~1a! and 7~3a!# and the Fe magnetic
domains@Fig. 7~2a!# follow the color of Ni ~opposite to the
color of Co!. As the temperature increases to 110 °C, the
domain contrast is weakened due to the decrease of its m
netization. The Fe image at this temperature completely lo
its domain contrast@Fig. 7~2b!#, showing the balance of the
Fe XMCD signals from the Fe/Ni and Fe/Co interfaces.
the temperature increases further to 160 °C, the magnetic
mains of the Ni layer vanish@Fig. 7~3c!#, showing that the
temperature is higher thanTC of the Ni layer. The Fe mag-
netic domains appear at this temperature@Fig. 7~2c!# but
changed their color to that of the Co film. When the sam

FIG. 6. Magnetic domains of~1! Co, ~2! Fe, and~3! Ni from
Cu~11 ML!/Ni/Fe~5.0 ML!/Co~10 ML!/Cu~100! at different Ni
thickness of~a! 3.0, ~b! 2.1, and~c! 1.2 ML.
7-5
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is cooled back to room temperature, all Co, Fe, and Ni
mains recover their original shapes and colors@Figs. 7~1d!,
7~2d!, and 7~3d!#. This temperature dependent experime
further supports our speculation that the Fe at both Fe/Ni
Fe/Co interfaces are ferromagnetically ordered and the
ferromagnetically ordered layer at the Fe/Ni interface lo
its magnetic order together with the Ni layer.

4. Oscillations of the Ni layer Curie temperature

Long-range magnetic order in ferromagnetic thin films
an interesting topic in low-dimensional magnetism. The C
rie temperature of a ferromagnetic thin film is usually low
than the corresponding bulk value due to the reduced dim
sionality. For the case of Ni thin films, a recent study24 shows
that the TC follows a scaling law depending on the film
thickness. For coupled sandwiches,TC oscillations were ob-
served in Co/Cu/Ni/Cu~100! system in the 2–4.5 ML Cu
thickness range.25 We studied the Ni layerTC in the Ni/Fe/
Co/Cu~100! system as a function of the Fe film thicknes
Instead of measuring theTC at fixed Ni thickness, which is
very time consuming, we measured at room temperature
Ni critical thickness (dC) at which the magnetic long-rang
order disappears. In this way, the dependence of the Ni la
TC on the Fe spacer layer thickness is manifested by
dependence of the Ni layer critical thickness (dC) on the Fe
spacer layer thickness, i.e., an enhancement of the Ni l
TC corresponding to a reduction of the Ni critical thicknes
In the experiment, we define the Ni layer critical thickne
(dC) as the thickness at which the Ni magnetic doma
disappear. This definition gives the thickness of a Ni fi
whoseTC is room temperature.

Figure 8 shows the experimental result of the Ni lay
critical thickness as a function of the Fe film thickness. T
dC clearly oscillates with increasing Fe film thickness. At t
boundary between FC and AFC, where the interlayer c
pling between the Ni and Co is zero, the Ni critical thickne
is about 2.2 ML. In the FC and AFC region, the critic
thickness become thinner, indicating an enhancement of

FIG. 7. Magnetic domains of~1! Co, ~2! Fe, and~3! Ni from
Cu~11 ML!/Ni~3.1 ML!/Fe~4.9 ML!/Co~10 ML!/Cu~100! at differ-
ent temperatures of~a! 40 °C, ~b! 110 °C,~c! 160 °C, and~d! cool-
ing back to 40 °C after heating.
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Ni layer TC due to the interlayer coupling. Therefore, th
result of Fig. 8 proves the existence of the oscillatoryTC as
a function of the interlayer coupling. ThedC is reduced by
maximum;1 ML. Recalling that theTC of Ni film increases
with film thickness at a rate of;30 K/ML,24 we estimate
thatTC in our experiment is enhanced by maximum;30 K.

As mentioned earlier, theTC oscillations as a function o
spacer layer thickness was already observed in Co/Cu
Cu~100! system and was attributed to the interlay
coupling.25 However, the TC enhancement is negligibly
small above 5 ML Cu. In another system of Cu/Fe/Cu~100!,
theTC of the fcc-Fe film was also found to depend on the
capping layer thickness nonmonotonically,26 and this effect
was explained in terms of the oscillatory character of
Ruderman-Kittel-Kasuya-Yosida exchange interaction
itinerant ferromagnets.27 The FeTC of this system oscillates
rather fast with the Cu capping layer thickness, and can
either enhanced or reduced. In our work, theTC of the Ni
layer oscillates throughout the fcc Fe thickness range~5–13
ML !, and is enhanced in both AFC and FC regions. It
unclear at this moment whether theTC oscillations in our
system have the same physical origin as the works in R
24 and 25. For interlayer coupling, the coupling energy
usually written asEcoupling52JM̄Ni"M̄Co, whereJ is the in-
terlayer coupling constant andM̄Co andM̄Ni are the magne-
tization vectors of Co and Ni layers. To a certain extent,
effect of the interlayer coupling can be viewed as an equi
lent magnetic fieldH̄52JM̄Co applied to the Ni layer. A
magnetic field can induce magnetization in a paramagn
state. Thus the oscillatory interlayer couplingJ is expected to
result in an oscillatoryTC , and this enhancement should n
depend on the sign of the coupling~FC or AFC!. The TC
enhancement clue to this mechanism was implied by the
Cu/Co/Cu~100! system where the enhancement ofTC was
found to scale with the interlayer coupling strength.25 Then
the interesting issue is why theTC enhancement can be ob
served in our system up to 13 ML of the Fe spacer la
where it was observed in Ni/Cu/Co/Cu~100! system only be-
low 5 ML of Cu. This difference could be either due to th
much stronger interlayer coupling produced by the Fe th

FIG. 8. The Ni critical thickness (dC) versus the Fe film thick-
ness.dC is defined as the thickness at which the Ni magnetic
mains lose contrast at room temperature. The vertical dashed
show the boundaries between the AFC and FC regions. The h
zontal dashed line is the guide to eyes.
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the Cu spacer layer or due to the antiferromagnetic natur
the fcc Fe. A temperature dependent measurement below
Néel temperature of the fcc Fe may help to resolve this iss
It will be a future project once the low-temperature measu
ment becomes available at the PEEM beamline of the A

IV. CONCLUSION

Using the PEEM to do element specific domain imagin
we confirmed that there exists a ferromagnetic Fe ferrom
netically ordered layer in the 4–12 ML thickness range at
Fe/Co interface in the Cu/Fe/Co/Cu~100! system. In Cu/Ni/
Fe/Co/Cu~100! system, there exists oscillatory interlay
coupling between Co and Ni layers across the Fe sp
layer. The Fe at both Fe/Co and Fe/Ni interfaces are fe
lis
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21441
of
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magnetically ordered in the 4–12 ML thickness range due
the direction spin polarization of the Co and Ni layers. T
magnetic order of the layer at the Fe/Ni interface disappe
once the temperature exceeds the Curie temperature of th
layer. The oscillatory interlayer coupling between Co and
layers was found to result in an oscillation of the Ni lay
Curie temperature.
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